AND CONCLUSIONS I. The cerebellum has long been known to participate in movement control. One of the enduring theories of cerebellar function is that it "tunes" and coordinates sensorimotor traffic in other parts of the CNS. In particular, it has been implicated in the control of the sensitivity of muscle spindle stretch receptors through the fusimotor system.
INTRODUCTION
The cerebellum is involved in the control of movement. When it is damaged, movement deficits result. Exactly which aspects of movement are controlled by the cerebellum is an issue which has been debated from the early 19th century to this day. However, few would dispute Gordon Holmes ' ( 1939) conclusions, drawn from studies of gunshot victims of World War I, that cerebellar lesions are associated with abnormalities in the rate, regularity, and force of voluntary movement. One of the more enduring ideas regarding the cerebellum is that it provides adjustment and coordination of other centers and pathways that are the primary generators of motor commands (Holmes 19 17; Lorente de No 1924; Luciani 19 15; Rosenblueth et al. 1943) . This notion of the cerebellum as an "accessory gain adjustor", influencing ascending and descending sensorimotor pathways but not being part of them, was strongly promoted by MacKay and Murphy ( 1979) , although it has been pointed out that a modulatory role does not exclude the cerebellum from also being a primary generator of movement commands (Thach et al. 1992 ).
An important system thought to be under cerebellar gain control is the fusimotor (y) system, which controls muscle spindle ( proprioceptive) sensitivity by activating the small intrafusal muscle fibers within spindles. Forty years ago, it was found that stimulation or lesioning of the cerebellum in anesthetized or decerebrate cats could lead to changes in the resting discharge and stretch sensitivity of muscle spindle afferents in limb muscles Kaada 1952, Granit et al. 1955) . These changes, further characterized by Gilman ( 1969a,b) in acute experiments at various times after chronic lesions, could only have come about by changes in the activity of fusimotor neurons. Gilman ( 1969b) posited that the hypotonia of cerebellar disorders was the indirect result of altered fusimotor action. Later experiments, however, in which the kinematic effects of deafferentation and subsequent decerebellation were compared (Gilman et al. 1976 ) indicated that disordered proprioception was unlikely to be the only cause of cerebellar motor deficits.
As already mentioned, the spindle data were obtained in anesthetized or decerebrate animals incapable of willed movement and with fusimotor systems functioning under abnormal conditions. Furthermore, the results were heterogeneous: cerebellectomy depressed the normal tonic firing of spindles and fusimotor neurons recorded under light anesthesia in monkeys and cats (Gilman 1969a,b; Van der Meulen and Gilman 1965 ) but in other experiments in decerebrate cats spindle sensitivity was decreased by activating the cerebellar nuclei (Vitek 1984) . Although tonic firing was depressed after cerebellectomy, dynamic stretch sensitivity was little affected (Gilman 1969b; Kornhauser et al. 1982) . Stimulation of the medial vermis of the cerebellar cortex reduced tonic spindle firing but stimulation of lateral vermis and hemispheres increased it (Granit and Kaada 1952; Granit et al. 1955) . In preliminary experiments in two decerebrate cats , inactivation of the paramedian and medial lobules VI-VIII with 2% lidocaine increased the dynamic sensitivity of Ia afferents.
Unfortunately there is little comparable data in conscious animals. Hore and Flament ( 1988 ) found that responses of neurons in monkey somatosensory cortex to motion-related feedback were elevated during periods of tremor and dysmetria produced by cooling of cerebellar nuclei. The authors suggested that the cerebellar deficit resulted not in reduced y action but rather in inappropriately high levels, specifically of Td action, which would raise spindle sensitivity and destabilize reflexes, causing tremor (see also Jacks et al. 1988; Tokuda et al. 199 1; Vilis and Hore 1977) . This is of course very indirect evidence, because the changes at the somatosensory cortical level might have been due to modulation of ascending transmission at brain stem and thalamic levels (e.g., Jiang et al. 1990 ). The only other data in conscious animals of which we are aware are recordings from five muscle spindle afferents during ataxia in monkeys (Elble et al. 1984; Schieber and Thach 1985) . The cerebellar lesions were the byproduct of previous repeated penetrations of recording electrodes. The spindles responded phasically during tremulous voluntary movement, but it is impossible to deduce from the data whether the firing rates and stretch sensitivities were different than those in normal monkeys, because this was not the focus of the investigations.
In the present study we tested the hypothesis that the cerebellum influences proprioceptive gain via the fusimotor system and that cerebellar ataxia is associated with disordered fusimotor control. The activity of single muscle spindle afferents was recorded in the freely moving cat before and during short periods of pharmacological inactivation of the cerebellar interpositus and dentate nuclei. Contrary to our expectation, we found that ataxia could occur without a significant change in the spindle sensitivities associated with different tasks. Net fusimotor action may be estimated indirectly from the spindle responses to muscle length changes during movement. These estimates are somewhat limited in their resolution because spindles respond not only to changes in the origin-to-insertion muscle length, which we monitored, but also to local length changes within the muscle fiber compartment during and after active muscle contraction. Acute experiments have indicated that although this does lead to errors in estimating fusimotor action, the errors are -1 order of magnitude smaller than the changes in fusimotor drive that we infer in different motor tasks (Elek et al. 1990 ). Thus our data indicate that the fusimotor system was still exhibiting its normal range of activity during ataxia and this militates against the idea that the interpositus or dentate nuclei are the primary controllers of fusimotor action.
A preliminary report on the material dealt with in this paper has been published in abstract form .
METHODS

Animals
Our report is based on the firing of eight ipsilateral and one contralateral muscle spindle afferents [ 3 hamstring group Ia endings, 1 tibialis anterior (TA) Ia, 2 lateral gastrocnemius (LG ) Ia ( 1 contralateral), 1 plantaris Ia, 1 hamstring group II, and 1 caudofemoralis Ia] in five intact cats before, during, and after 4 to 6-min periods of unilateral lidocaine inactivation of interpositus or dentate nuclei. Ataxia was also studied in seven other cats, in six of which nonspindle (skin or tendon organ) afferents were recorded. All procedures were carried out with the approval of the University of Alberta Health Sciences Animal Welfare Committee. Most of the surgical and recording techniques used have been described in detail previously ), so only a summary is presented here. Implantation RECORDING ELECTRODES. In one aseptic procedure performed with pentobarbital sodium anesthesia (40 mgjkg iv) five to six 17-pm nickel-chrome wires were implanted so that the deinsulated, beveled tips of the wires were positioned in the left L, dorsal root ganglion. A connecting cable (Cooner AS632-6SS) was led subcutaneously to a dental acrylic headpiece. Electromyogram (EMG) electrodes (Cooner AS632) were implanted in the LG, semitendinosus, TA, and posterior biceps femoris (PB) muscles and were also led subcutaneously to the headpiece. Nylon monofilaments ( Prolene 3 /O ) were embedded in the bony points of origin and insertion of the LG and PB muscles, emerging percutaneously along the line of the muscle, to provide attachment points for external length gauges. A silicone rubber cannula (Vygon Nutricath 'S') was inserted into an external jugular vein and led to a Luer port embedded in the headpiece, allowing antibiotics, analgesics, and anesthetic to be administered post-operatively. CEREBELLAR INJECTION PORTS. Two 20-gauge stainless steel tubes sealed with 25gauge stylettes were guided stereotaxically at 30" off vertical through small burr holes in the left side of the skull over the cerebellum, so that their tips just reached the cerebellar surface. They were bonded in place in the acrylic headpiece. The tubes were designed to accommodate the 25-gauge shaft of a lo-p1 microsyringe fitted with a concentric cuff that stopped the advance of the needle tip at coordinates corresponding to the superior portions of the dentate or interpositus nuclei [lateral: 4.0 and 8.0 mm, respectively; frontal: -9.0 mm; horizontal: + 1.0 mm (Bernston et al. 1978) ]. In the recovery period, monitored by a veterinarian, analgesics were given (Buprenorphine, 0.005-0.0 1 mg/kg) and cats were kept warm in an incubator. After 2-3 days, when the effects of the anesthetic had fully worn off, the small implants were borne with no sign of discomfort or motor deficit.
Chronic recordings
The dorsal root electrodes were checked for afferent activity daily by attaching a small three-channel telemeter to a Luer socket embedded in the headpiece and making connections with each neurogram terminal in turn. Activity was monitored with a nearby radio receiver. When a suspected muscle spindle ending was detected, its location was established by palpation and imposed movement. A length gauge was attached to the appropriate fixation threads and connected to the telemeter. The mechanical stiffness of the length gauge was 0.009 N/mm; thus it required -0.15 N to be stretched over the physiological range (cf. 50-to 60-N active force range of triceps surae muscles). A second radio receiver monitored length and EMG. The cat now walked freely about the floor of a small room, coaxed with food rewards. Occasionally, the experimenter sat the cat on her/ his lap and moved its leg to elicit sensory responses. After -10 min of data collection, 1.5-10.0 ~1 of 2% lidocaine was injected into either dentate or interpositus nucleus within a 5-to 1 O-s period. Recordings continued for the subsequent 5-10 min of ataxia and a few minutes thereafter. The cat was then deeply anesthetized with thiamylal (40 mg/ ml) via the jugular cannula. The sensory ending was located by palpation and joint manipulation. Responses to imposed displacements were recorded. Suxamethonium (200 pg/ kg iv) was administered and in the subsequent 3-4 min the displacement tests were repeated. Specific effects of suxamethonium on stretch sensitivity were used to distinguish between group Ia and II endings and tendon organ group Ib endings (Prochazka and Hulliger 1983) . In four cats, control trials were performed in which 2 ~1 saline was injected in interpositus sites where lidocaine had caused ataxia. In only one case did the saline have a noticeable motor effect, and this was transient.
Data analysis
All trials were videotaped, the three channels of telemetered data (EMG, length, and afferent activity) being stored in frequency-modulated form on the stereo audio tracks. Subsequent analysis was performed by replaying the data and digitizing relevant segments with a CED 140 1 (Cambridge, UK) interface and an 80486 microcomputer running CED data acquisition software. EMG signals were full-wave rectified and filtered before digitizing. Averages were computed by aligning single segments of movement to length maxima. Because the durations of the segments were fixed (time was not normalized), we tried to choose movements of similar time course. The afferent mean firing rate profiles were constructed by dividing each segment into consecutive bins of 10,20, or 40 ms in duration. The total number of spikes per bin was computed from the aligned sweeps, and an appropriate factor was used to scale the vertical axis in terms of mean firing rate. A MATLAB software routine kindly written by Dr. David Bennett was used to filter the averaged length signals using the transfer functions of Chen and Poppele ( 1978) to mimic the primary ending ' and of Poppele and Bowman ( 1970) to mimic the secondary ending.2 The relationship between the filtered length and the corresponding mean firing rate was fitted with linear regression lines. Differences in the slopes of these regression lines were compared with t tests along with calculating the power of each test used.
Histology
Verification of cerebellar injection sites was accomplished in the deeply anesthetized animal after chronic recordings had ceased, either by injecting a small amount of silver nitrate (2 ~1) in place of lidocaine or by delivering 2 mA of anodal current through the bared tip of a platinum electrode guided through the injection ports to the same stereotaxic location. Postmortem, the cerebellum was removed and fixed in a solution of 4% formaldehyde for 22 wk. The whole cerebellum was mounted and cut into lOO-or 200~pm serial sections using a vibratome and the slices were then stained with cresyl violet. The sections were compared with the photomicrographic plates of Bemston et al. ( 1978) from which the anteroposterior location of the center of the injection site was derived. The area of spread of lidocaine was then estimated using previous autoradiographic data ( Martin 199 1) .
RESULTS
We were testing two interrelated hypotheses: 1) cerebellar nuclear inactivation interferes with the control of muscle spindle sensitivity and 2) cerebellar ataxia is associated with aberrant muscle spindle sensitivity. Because the control of muscle spindle sensitivity in the normal cat is taskand context-dependent (Prochazka and Wand 198 1; Prochazka et al. 1985) , to test these hypotheses thoroughly it was necessary to evoke different levels of fusimotor action before and during cerebellar inactivation.
Fortunately, there are three situations in which spindle Ia sensitivity in the normal cat is reasonably predictable. In repose or quiet stance, muscle spindle Ia afferents have low tonic firing levels and low stretch sensitivities, presumably because the level of "y action is low; in gait, Ia and II sensitivity and bias are moderate, indicating a moderate level of ys action; in imposed movements, Ia sensitivity can be very high, indicating strong or even maximal Yd action . These were the situations we concentrated on. Testing the second hypothesis also required a judgment on whether or not there was ataxia during cerebellar inactivation. Ataxia is a widely used but rather imprecise term. It encompasses drunken gait, dysmetria, dyssynergia, decomposition of movement, and tremor. During cerebellar inactivation we found that when gait abnormalities occurred, they were al-' Transfer function of primary spindle ending for large-amplitude stretches: H(s)= Ks(s + 4)(s + 0.4)(s + 44)/(s + 0.04)(s + 0.8) (Chen and Poppele 1978 ) .
2 Transfer function of secondary ending: H(s) = K( s + 0.44)( s + 11.3)/ ks + 0.8 16) (PoDr>ele and Bowman 1970). ways associated with a loss of balance and dysmetria (incorrect limb trajectories). Tremor was absent initially but tended to appear toward the end of an ataxic episode. Dyssynergia and decomposition of movements are difficult not only to define but also to identify. Although many of the aberrant motor patterns we observed were consistent with a loss of coordination between segments, we did not attempt to quantify this.
During unilateral interpositus inactivation, marked ataxia occurred in ipsilateral limbs. Symptoms typically started within 10 s of lidocaine injection and included abnormal postures (hyperflexion or hyperextension of ipsilatera1 limbs), unsteadiness during stance (lurches to the ipsilateral side, wide-based stance, crouching) and ataxic gait (high stepping, excessive extensor thrust, slips, lateral instability, premature termination of swing, followed by exaggerated forward placement and loss of balance). In five cats both forelimbs and hindlimbs were affected, the hindlimb abnormalities being delayed by -1 min. Spindle data from four of these cats are described in the present report. In two cats the deficits were largely restricted to the forelimb, and in three to the hindlimb. In two cats the deficits were mainly midline, with torsional dystonia and turning behavior. Histological sections indicated that the vermal cortex or fastigial nuclei were inactivated, rather than the desired target, the interpositus nucleus. Spindles were not recorded in these two cats. In five cats lidocaine was injected into the dentate nucleus. This produced no noticeable motor effects. Because of this, in some cases we increased the amount injected to 6 ~1, but even this large dose did not produce clear-cut results. Figure 1 shows video tracings of the hindlimb of a cat during a step cycle before (left) and during (right) cerebellar ataxia of the hindlimb caused by interpositus inactivation. The salient feature of the ataxic step cycle is a prominent hyperflexion during the swing phase. In some cases hyperextension occurred at the end of the stance phase. Hypotonia, which is held to be a cardinal symptom of chronic cerebellar disorders in primates and which has also been described in acutely decerebellate cats (Van der Meulen and Gilman 1965 ), was not obvious in our animals.
The location of the dye markers used to estimate the placement of the needle tip is illustrated in the schematic diagrams of Fig. 2 for three cats in which seven of the nine spindle recordings were obtained. In cat A, a noticeable motor deficit was obtained by injecting 1.5 ~1 of lidocaine into the interpositus nucleus whereas 2.5 ~1 injected into the dentate nucleus produced no observable effects on posture or locomotion. In cat B only the port over the interpositus nucleus remained functional, and 6.0 ~1 was used in this animal. In cat C, interpositus injections of 5.0 ~1 were used to produce ataxia; smaller amounts were not tested. As in cat A, injections into the dentate port (4.5 and 5.0 ~1) had no effect on motor performance.
Despite aberrant limb kinematics and abnormal EMGs in the receptor-bearing muscles during ataxia, spindle sensitivities were only slightly different than before cerebellar inactivation. Figure 3A shows results from an ensemble of three hamstring Ia afferents obtained from cats A and C referred to in Fig. 2 . Each afferent was represented by recordings from 10 normal step cycles (thin traces) and 10
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Step During Lidocaine Blockade ataxic step cycles (thick traces), so the figure is compiled from 60 steps in all.
Step cycle averages were aligned to the moment of peak stretch at the end of E, , as indicated by the arrowhead. The doubling of PB EMG activity and the 12% increase in length excursion of this muscle reflected the high stepping shortly after the lidocaine injection, as illustrated in Fig. 1 . The mean firing profile of the primary spindle afferents was similar in normal and ataxic step cycles, except for a short period of elevated firing at the end of the swing phase ( E, ) in ataxic steps. Because primary muscle spindle receptors respond not only to length but also to velocity and acceleration, plotting their firing rates against any one of these variables does not produce a linear relationship. To compare the spindle firing in the two conditions quantitatively, we therefore used an analytical approach that does produce reasonably linear relationships, from which single estimates of gain may be obtained (Prochazka and Wand 198 1). The method involves filtering the recorded length signals in such a way as to mimic the dynamic transfer function of spindle Ia endings. The recorded spindle Ia firing is then plotted against this filtered length signal, producing a quasilinear relationship to which a regression line may be fitted. Changes in the slope of this line in different plots reveal changes in fusimotor action, as previously verified with acute data in which ys and 7d filaments were electrically stimulated (Prochazka and Wand 198 1) . The length signals (solid traces in Fig. 3A) were filtered digitally to produce the dashed traces in Fig. 3A , using the spindle primary transfer function described in METHODS. In Fig. 3 B the firing rates in the normal steps (0) and ataxic steps ( l ) were plotted against the corresponding filtered signals and regression lines were fitted using SigmaStat 5.0 software. The slope of the regression line for the ataxic steps (0.29) was slightly greater than that for normal steps (0.26) but the difference was not statistically significant (P > 0.5, see Table 1 for power of t test). Thus it follows that our test did not reveal a significant change in fusimotor drive between the two conditions. Note that in Fig. 4 the slopes were 10 times higher (2.93 and 2.73) for the same spindle endings recorded in a different behavioral condition. This shows that the test did clearly detect the large changes in fusimotion corresponding to different behavioral states. Similar results were obtained in three other ipsilateral Ia afferents (in TA, plantaris, and caudofemoralis muscles).
Though the overall firing in Fig. 3A was not significantly changed in ataxia, there did appear to be a transient difference during the E, phase. This produced only two or three wayward points in Fig. 3 B , not shifting the slope enough to be significant statistically, but it could be argued that the transient difference might be functionally important and could be the result of an aberrant, phasic burst of Yd activity in the ataxic steps. Before we draw this conclusion, however, three other factors should be taken into account. First, there was an increased length excursion in the E, phase of the ataxic step cycles, which produced a small transient in the filtered length signal. This would account for some of the extra firing [note that Ia afferents are particularly sensitive at long lengths (Hulliger 1984) , so the linear transfer function may have underestimated this transient]. Second, there might have been an internal relengthening of muscle fibers and spindles after the abnormally large, phasic contraction (knee flexor EMG, thick line) at the onset of swing. Third, we often noticed a decomposition of the swing phase, namely an apparent termination of swing with the paw still in midair, followed by a sudden downward placement (Fig. 1) . This has also been noted in human unilateral ataxia (Holmes 1922) . It is possible that the abrupt transition between swing and placement was associated with mechanical transients in the limb not apparent from the length record but detected by the phasically sensitive Ia afferents. We feel that these three effects combined may account for the discrepancy, but an aberrant burst of y activity cannot be ruled out.
As previously mentioned, fusimotor action varies considerably according to task and context. Figure 4A shows ensemble averages from the three hamstrings Ia afferents of Fig. 3 during imposed movements before and during ataxia and during deep anesthesia. In imposed movements, peak firing rates exceeded 250 imp/s in both normal and ataxic periods, even though stretch rates were half of those during stepping. The plots of mean firing rate versus filtered length in Fig. 4 B show that there was a 1 O-fold increase in spindle gain in the imposed stretches of Fig. 4 compared with those for steps in Fig. 3 (2.93 and 2.73 cf. 0.29 and 0.26). This enormous increase, which occurred both before and during ataxia, could only have come about as a result of increased 7a action. The low firing rates in response to stretch during deep anesthesia (dashed line) when the fusimotor system was suppressed further demonstrate the presence of powerful fusimotor action in the other trials. Note that in Fig. 4 B there was a small increase in the slope of the regression line for the ataxic condition (2.93 vs. 2.73). This increase was not statistically significant (P > 0.2, see Table 1 ), but taken together with a similar 12% increase in slope in Fig. 3 B it does suggest that an increase in 7d drive during ataxia cannot be ruled out. However, we would argue that because changes of up to l,OOO% occur from one moment to the next on a continuing basis in the normal animal as it shifts its attention from one motor task to the next, changes of 120% are unlikely to be functionally significant.
The spindle models used in this paper, although yielding testable relationships, do not take some of the known nonlinearities of spindle responses into account. We were concerned that one nonlinearity in particular, the scaling of velocity sensitivity (Houk et al. 198 1) ) might have led to overestimates of gain change attributable to fusimotor action when comparing step cycle data to imposed movements, given that stretch velocities in steps were -3 times as high as those in imposed movements. We therefore tried using Houk's velocity0.3 model to generate the independent variable in plots equivalent to those in Figs. 3 B and 4 B. The relationships were less linear, and regression lines indicated a change in slope of 14-fold between stepping and imposed movements. Thus we conclude that on either model the gain change is attributable to a change in fusimotor action. Figure 5A shows the averaged responses of a hamstring spindle group II afferent during stepping before and during interpositus inactivation with 2.5 ~1 lidocaine (cut A, Fig.  2 ). Both averages were aligned to the moment of peak stretch in E, as indicated by the arrowhead. Ataxia was quite marked during the lidocaine block, with high stepping similar to that illustrated in Fig. 1 from the same cat. The range of displacement of the parent muscle (biceps femoris ) was increased by -10% and the main EMG burst at the onset of swing was also elevated, although its timing in relation to displacement was little changed. The firing profile of the group II ending was similar during ataxia to that in the control steps. In this case there was a small decrease in the slope of the regression line for the ataxic condition in the right graph of Fig. 5A [but again this was statistically insignificant (P > 0.35, see Table 1 ) ]. Now group II discharge, which is seldom obtained in chronic recordings, is particularly informative because it reflects yS action alone (Boyd 1985; Emonet-Denand et al. 1977; Matthews 1972) , It has been shown in acute experiments that yS action can decrease the sensitivity of some secondary endings to largeamplitude stretches (Jami and Petit 1978) . Our data are therefore consistent with a small increase in yS action on this ending during the ataxic condition but this was insufficient to change the ending's stretch sensitivity or bias in a statistically significant way. Figure 6 A shows responses of the same group II ending to ramp-and-hold stretches applied during pentobarbital anesthesia at the end of the recording session. During the slow shortening, the ending nearly ceased firing. By contrast, during the shortening phases of active steps (Fig. 5A) , firing was maintained. This indicates that during the steps there was yS action throughout. Note that in the anesthetized condition the regression line (0) had a greater slope and a lower intercept or bias than the lines reproduced from Fig. 5 B. This is further evidence that there was tonic yS action during both the normal and ataxic stepping.
As mentioned earlier, dentate inactivation did not produce noticeable motor deficits. We confirmed in three recording sessions that there was also no detectable change in spindle firing behavior. At the outset of the study, we anticipated seeing not only ipsilateral fusimotor effects but possibly also contralateral ones. To check on this, in one cat we recorded from a triceps surae Ia aIIerent in the hindlimb contralateral to the cerebellar inactivation. Ataxia was marked on the side of the injection (in this case 100 ~1 into cortex of the paramedian and simplex lobules) and, not results from an ensemble of 3 knee flexor Ia afferents. Each afferent contributed 10 normal and 10 ataxic step cycles, so the figure represents 60 steps in all. Top line: phase of the step cycle: E2, E3 stance, F and E, , swing. Upward arrow: foot liftoff. Downward arrow: floor contact. Traces were aligned to the peak of knee flexor length (arrowhead). Firing rate histograms were obtained by summing afferent spikes from consecutive sweeps in respective 20-ms bins and scaling appropriately. Ataxia was very noticeable during interpositus inactivation, with marked hyperflexion during the swing phase, reflected in augmented electromyogram (EMG) and increased muscle displacement. Thick traces: ataxia. Thin traces: normal steps. Firing rate profiles in ataxic steps were similar to normal steps, except for a transient increase at the end of the swing phase (E, ). Dashed traces: length signals after filtering, using a transfer function that mimicked the response characteristics of spindle primary afferents (see METHODS) ; vertical scale in arbitrary units, same units in all subsequent figures. B: scatter plot and regression lines of mean firing rate vs. filtered length for normal steps (o ) and ataxic steps ( l ). Corresponding regression coefficients and slopes are shown above the plot. The slope, which gives a measure of spindle sensitivity, did not change significantly during ataxia. surprisingly in view of the results described above, no detect-on any major conflict with the data on which the original able change was seen in the contralateral Ia afferent.
hypothesis was based, but rather on a different perspective of fusimotor control gained from observations of spindle DISCUSSION firing in the conscious animal. The original data came from The hypothesis that the cerebellum controls the fusimotwo types of acute experiments: 1) spindle responses obtor system and that cerebellar motor deficits are partly attributable to disordered fusimotor control is widely cited Rothwell 1987 ) . However, in our study we found regression Iine slope that the task-related control of spindle sensitivity and bias in normal cats was not significantly altered during transient ataxia. Two conclusions may be drawn from our results. First, the interpositus and dentate nuclei were not primarily responsible for fusimotor control. Second, the ataxia was unlikely to be an indirect result of disordered fusimotor action. Because these conclusions contradict some of the prevailing views on cerebellar function and dysfunction, it is important to understand both the relationship of our results to previous work and the limitations of our experiments. Values of the power of the 3 t tests used (Ia steps, Fig. 3B ; Ia imposed, Fig. 4B , and II steps, Fig. 5 B) to detect differences (6) in slope of the regression line of 10,20,30 and 35%. For example, there is a >99% chance that our t test used for the imposed movements would be able to detect a 20% difference in slope of the regression line if one existed. Note the high firing rates in response to imposed stretch in the awake animal, whether ataxic or not, compared with that during anesthesia. This indicates substantial dynamic fusimotor ( yd) action, before and during cerebellar inactivation. B: scatter plots of mean firing rate vs. filtered length. Note that for both the normal (o ) and interpositus-inactivated trials ( l ) there was a lo-fold increase in slope of the regression lines compared with Fig. 3 B, indicating large increases in Td action.
served before and during stimulation or inactivation of parts of the cerebellum in anesthetized or acutely decerebrate cats and 2) spindle or fusimotor responses recorded in lightly anesthetized animals days or weeks after cerebellectomy. As outlined in the INTRODUCTION, results of the first type were quite varied. Spindle responses were exemplified anecdotally in single records in which the test stimuli were pinna stimulation, imposed neck movements (Granit and Kaada 1952; Granit et al. 1955) ) and in a few cases, stretch of the receptor-bearing muscles Vitek 1984) . The data were not analyzed statistically, so it is hard to generalize the findings other than to say that cerebellar inactivation usually (although not always) resulted in a decline in spindle firing. The second type of experiment was more quantitatively based. Gilman ( 1969b) found that the tonic firing of spindle Ia endings in lightly anesthetized monkeys decerebellated a few days earlier was on average -10 imp/s less than in controls at comparable muscle lengths. The Ia sensitivity to dynamic stretching was virtually unchanged, as were the stretch responses of group II afferents (Gilman 1969b) . In later papers Gilman ( 1974) reported a more significant depression of the static stretch sensitivity of Ia endings in decerebellated cats, but again this was contrasted with the absence of a change in responsiveness to dynamic stretches ( Komhauser et al. 1982) . Fusimotor fibers recorded in lightly anesthetized cats decerebellated a few days earlier fired at -11 imp/s, compared with 24 imp/s in cats with intact cerebelli, but the change in firing rate in response to various natural stimuli was similar in the two groups (Gilman 1969a) . It is worth noting that most of the acute data were collected in lightly anesthetized animals, in which the level of arousal varies markedly, often with associated variations in fusimotor action on spindles (Matthews 1972) . Attempts were made qualitatively to match the manifestations of arousal in the control and cerebellar-damaged groups, but this is a difficult undertaking given the rapidity with which arousal can wax and wane under these conditions (personal observations).
We would argue that the 20-30% changes in spindle stretch sensitivity typical of the acute data just discussed are actually quite minor when compared with changes of up to l,OOO% that occur spontaneously and continuously as a normal cat shifts its attention from one sensorimotor task to another (cf. Figs. 3 and 4) . Because the full range of sensitivities and offsets were still present during periods of cerebellar inactivation and ataxia in our cats, we conclude that fusimotion was predominantly controlled from outside the cerebellum. It could be argued that within a task, a 10% change in sensitivity might lead to an error of comparable magnitude in the controlled movement, but whether this should be viewed as a significant contribution to ataxia is debatable. From the literature, the interpositus and dentate nuclei seemed the most likely to be involved in fusimotor control (Brooks and Thach 1984) and so these were targeted in the present study. However, the fastigial and vestibular nuclei have also been implicated (Carli et al. 1967; Kornhauser et al. 1982 ). These will be studied in future experiments. From our histological analysis and from previous work on the spread of injected lidocaine (Martin 199 1 ), our injections probably inactivated neurons within a radius of 3-4 mm, which would more than encompass the interpositus or dentate nuclei. However, it is just possible that small parts of these nuclei were not fully inactivated. Although it seems unlikely, these residual portions might have continued to control the fusimotor system normally. Because of the difficulty of the experiments, our sample of spindles from ataxic muscles is still relatively small ( 9). It is possible that a proportion of spindles &d fire abnormally in our ataxic cats but that we missed them. From previous experience in building up profiles of ensemble firing of muscle receptors we have found that after four or five afferents have contributed there is little further change in the ensemble profile on adding new units. Nonetheless, it is a possibility which must be ruled out before interpositus, dentate, or indeed the cerebellum as a whole can be denied a role in fusimotion unequivocally.
Are the results relevant to human cerebellar disorders? The answer depends on the particular aspects of cerebellar dysfunction considered. According to Holmes ( 1939) , the four primary elements of cerebellar deficits are hypotonia, muscle weakness, kinetic abnormalities, and failure of associated movements. Hypotonia was not manifest in our cats or in prior studies involving short-term cerebellar inactivation by ischemia or cooling (Granit et al. 1955; Udo et al. 1980) . Indeed the centrality of hypotonia in human cerebellar deficits has been questioned (Diener and Dichgans 1992; Hore 1987) . Because of the apparent absence of hypotonia, our data neither support nor contradict the idea that hypotonia results from fusimotor suppression. On the other hand, the more general conclusion that fusimotor activity is suppressed at all times when cerebellar output is reduced, is certainly contradicted by our data: the small, albeit statistically insignificant, increases in spindle gain indicated that if anything fusimotor action was slightly elevated during the ataxic episodes. This may have been a result of the uneasiness felt by the animals in response to the nuclear inactivation. As previously mentioned, y drive is known to increase during unfamiliar and difficult tasks, so one would predict that the novel sensations felt by the animals during the ataxia would also result in increased fusimotor output. This leads us to conclude that the task-and context-dependent fusimotor action are controlled from areas outside the cerebellum.
In patients attempting tasks where small errors can result in damage or injury ( e.g., lifting a cup containing liquid to the mouth and taking a sip), intention tremor and dysmetria are exacerbated. It is conceivable that in these tasks, fusimotor action might actually be set to abnormally high normal cats have not been observed in human neurography levels, consistent with the data of Tokuda et al. ( 199 1) and experiments (Al-falahe et al. 1990 ). This may simply be Hore and Flament ( 1988) . The resulting elevated spindle due to the restrictions on motor task in the latter, although sensitivities might then further destabilize movement con-a fundamental species difference cannot be ruled out. trol. There was some indication of this in our cats: abnorWe conclude that in cats with transient ataxia caused by mally high spindle firing rates were seen during certain interpositus inactivation, fusimotor control and propriomovements involving unsteady posture, stumbling, and ceptive feedback gain at the receptor level are relatively norawkward turning during ataxic periods (not illustrated).
mal. We speculate that this is also true in human cerebellar
It has been argued that y,-mediated increases in spindle Ia sensidisorders, so that dysmetria is not primarily caused by distivity would stabilize the stretch reflex by adding phase advance to ordered proprioceptive responsiveness. the loop (Matthews 1972; Thach et al. 1992) . Phase advance stabilizes some, but not all, control loops; the result depends entirely on the overall transfer function. In the reflex loop comprising spindles, spinal cord, and muscle/load, the net phase lag exceeds 180" between 3 and 5 Hz, increasing rapidly thereafter (Jacks et al. 1988) . Td action scarcely changes the phase lag of Ia endings at these frequencies, but it does substantially increase their gain (Chen and Poppele 1978) . Increasing gain without altering phase
